Introduction
Petroclival meningiomas remain one of the most challenging surgical lesions of the skull base. Over the past three decades, advances in microsurgical techniques, new operating microscopes, ultrasonic aspirators, intraoperative neuromonitoring, and advances in intensive care and microsurgical anatomy have led to better outcomes than has the natural history of the disease, with acceptable morbidity.
Posterior fossa meningiomas can be located at different sites in relation to the clivus. Conceptually, petroclival meningiomas are located medial to the fifth cranial nerve (CN V). 1, 15, 16 Petrous, tentorial, cavernous sinus, and midclival meningiomas and meningiomas originating from the anterior border of the foramen magnum are not considered petroclival meningiomas, and the decision on which approach to use depends greatly on this factor. Petroclival meningiomas frequently displace the brainstem and basilar artery posteriorly and to the contralateral side. They may also displace or involve CN III, IV, and V, displace CN VII laterally and CN VI medially, and extend into the internal auditory meatus, jugular foramen, Meckel's cave, Dorello's canal, and the ipsilateral cavernous sinus.
13,15
Because of the rarity of these tumors and the different management philosophies in skull base approaches, there is currently no high-quality, high-level decision based on randomized controlled trials establishing the superiority of one surgical approach over another. The trans-temporal and fronto-orbito-zygomatic approaches can reduce the operative distance to the tumor and give a wider exposition of the tumor and its relationship with the CNs. However, the retrosigmoid approach results in fewer approach-related complications and is less time consuming. Some authors state that the main reason for subtotal resection is the lack of a dissection plane or infiltration into CNs, brainstem, or major vessels, 17, 18 regardless of the approach. The aim of this study was to review a series of petroclival meningiomas and assess the factors used to determine the choice of surgical approach.
Methods
Of a series of 53 patients treated for posterior fossa meningiomas by the first author (Gustavo Rassier Isolan) between 2007 and 2014, 32 had petroclival meningiomas. Of these, 22 met the criteria for "true" petroclival meningioma: those originating from the upper two-thirds of the clivus medial to the CN V. 15 Their medical records, imaging studies, and pathology reports were reviewed. Ten patients were not operated on: two refused surgery due to advanced age or comorbidities; four were asymptomatic with a predominantly cavernous pattern; and four showed no tumor growth on serial magnetic resonance imaging (MRI). Because these 10 patients had no clinical visual loss or extraocular muscle impairment, they were primarily referred for upfront radiosurgery or radiotherapy. Gross-total resection (GTR) was defined as Simpson 
Results

Clinical Characteristics
Twenty-two patients underwent resection of petroclival meningiomas over a 7-year period; there were 18 women, and the mean age was 52.4 years (range 35-82 years). Headache was the most common presenting symptom, observed in 18 patients, followed by hearing loss (n ¼ 12), facial numbness (n ¼ 5), ataxia (n ¼ 3), progressive hemiparesis (n ¼ 2), and facial weakness (n ¼ 2). Trigeminal neuropathic pain refractory to conventional medical therapy was the main symptom in two patients. Difficulty swallowing due to lower CN deficits was present in three patients. Four patients had papilledema due to hydrocephalus. One older patient had severe visual loss, which justified the surgical approach. MRI findings are shown in ►Table 2.
Pathology
Except for one Grade 2 meningioma with brainstem edema and one Grade 3 meningioma, all other tumors in this series were classified as World Health Organization (WHO) Grade 1. 
Approaches
Early in the series, lateral skull base approaches (petrosal approaches) were performed in patients, regardless of tumor size (►Fig. 1). At that time, posterior petrosectomy was performed in six patients (►Figs. 2, 3, and 4), and total petrosectomy-double petrosal-was used in two patients. After 2011, the retrosigmoid approach was used in tumors <3 cm and in those at or below the internal auditory meatus (►Fig. 5). The posterior petrosal approach was the choice in tumors extending into the middle fossa, as it allows simultaneous exposure of the middle and posterior fossa. In these cases, magnetic resonance angiography was performed to identify the insertion of the vein of Labbé. If the vein of Labbé drained into the superior petrosal sinus or the patient had a high jugular bulb, the lateral skull base approaches were not considered. 20 ►Table 3 shows the approaches used in this series and their results. The fronto-orbito-zygomatic approach was reserved for a specific case (►Fig. 4). One patient had a small sphenopetroclival meningioma with invasion of the sphenoid sinus causing rhinorrhea. In this case, extended endoscopic endonasal approach was used for partial resection of the lesion inside the sphenoid sinus. The fistula was treated with a pedicled nasoseptal flap with postoperative resolution of the cerebrospinal fluid (CSF) leak, and the patient was later referred for radiosurgery. Over 1 year of follow-up, MRI showed no evidence of tumor growth.
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GTR was achieved in 11 patients (50%). The reasons for incomplete resection were as follows: tumor adherence to the brainstem in two patients; adherence to major blood vessels in two patients; and venous infarction of the temporal lobe in two patients, which required interruption of the procedure. In three patients, some minor residual tumor was deliberately left in the region of the cavernous sinus. In two cases of sphenopetroclival meningioma, the goal was to perform a partial resection for optic nerve decompression. These five patients with subtotal resection were supplemented with radiosurgery. In addition, tumor progression was observed in two patients with residual tumor, and both underwent radiosurgery. The remaining patients with small residual tumor are currently being followed.
In this initial series, we have not changed our impression regarding GTR between intraoperative evaluation and postoperative MRI. It should be taken into account that we considered Simpson I, II, and even III as GTR, as in most other series reported in the literature. Using this concept, we already know intraoperatively whether GTR was achieved. There is a risk of failing to perceive part of the tumor in the middle fossa if a retrosigmoid approach is used. To avoid this, we performed a posterior petrosal approach that provided a full view of the middle fossa extension. In cases of cavernous sinus invasion, we also anticipated that part of the tumor had to be considered a "leave-me-alone lesion," except in cases with visual impairment caused by this component. 
Morbidity and Mortality
►Tables 3 and 4 show surgically induced CN deficits, improvement in previous deficits, and the Simpson grade of resection. There were two perioperative deaths in this series: an older patient, who was operated on due to severe visual loss, died 3 weeks after surgery due to complications of pneumonia and sepsis; and another patient died due to extensive malignant cerebral venous infarction after complete resection of sphenopetroclival tumor 15 days after surgery.
Early in the series, two patients had a stroke resulting in major neurological deficits: one left temporal lobe venous infarction and one brainstem infarction. The former case had a large petroclival meningioma, presenting tetraparesis and paralysis of right CN V to XII, and developed hemiplegia in the postoperative period and pneumonia. In the latter case, the venous infarction was probably due to brain retraction during anterior petrosectomy. This patient underwent emergency decompressive craniectomy 24 hours after surgery, but his aphasia and right hemiplegia persisted. Another patient developed posterior fossa hypertension after a suboccipital retrosigmoid approach, with persistent hemiparesis even after emergency decompressive surgery. This patient had pneumonia and critical illness polyneuromyopathy. There was no specific description between these ischemic events and tumor consistency as measured by T2 signal, presence of CSF cleft between tumor and brainstem on MRI, or MRI evidence of brainstem edema.
New postoperative cranial neuropathies occurred in seven patients. The CN dysfunctions observed after surgery were facial numbness (n ¼ 2), facial weakness (n ¼ 5), abducens nerve palsy (n ¼ 2), trochlear nerve palsy (n ¼ 3), and oculomotor nerve palsy (n ¼ 1); of these, four were transient. Three patients had permanent deficits 6 months after surgery. Cross-facial nerve grafting for facial nerve reanimation and muscle transposition were performed in three patients by the plastic surgery team. One patient had persistent CN VI palsy and was referred to a neuro-ophthalmologist. Patients with CN IV palsy reported diplopia; however, after 6 months, symptoms were mild, and none of the patients needed further treatment.
Four patients had hydrocephalus before surgery and underwent ventriculoperitoneal shunt placement. One patient developed hydrocephalus after surgery. CSF leaks (rhinorrhea) occurred in two patients after a petrosal approach and were treated with lumbar drainage. These two patients also required ventriculoperitoneal shunt placement. Three patients developed meningitis, which was successfully treated. Two patients with refractory trigeminal neuropathic pain improved their pain scores in the immediate postoperative period due to decompression of the trigeminal nerve (►Figs. 6 and 7). One patient with a large calcified petroclival meningioma and swallowing deficit underwent partial tumor resection, and his deficit improved postoperatively. He had been followed up for 5 years, and no new symptoms or tumor growth occurred. Another patient who also had a huge petroclival meningioma had progressive hemiparesis due to brainstem compression. This patient had facial and lower CN palsies due to two attempts of resection in another service. The patient's hemiparesis improved postoperatively.
Tumor Recurrence
Adequate radiographic follow-up (minimum of 6 months) was available for 14 patients, and recurrence rates were calculated based on the follow-up of these patients. The mean follow-up time was 32 months (range 6-75 months). In three of 14 patients followed up for >6 months, tumor progression or recurrence was observed. In two patients, in whom the cavernous sinus component of the sphenopetroclival meningioma was left intact, this component started to grow toward the incisural space as noted in postoperative MRIs 7 and 11 months after surgery, respectively. One patient was referred for radiosurgical treatment, and the other was being followed up due to relatively slow growth. Another patient presented a small tumor recurrence at the clivus. All three of these patients were asymptomatic.
Discussion
The slow-growing pattern of petroclival meningiomas is usually associated with the onset of symptoms only after reaching a large size. Van series of 38 patients who had subtotal resection. Linear growth was 0.37 cm/year, and volume increased by 4.94 cm 3 /year. However, 60% of patients showed no signs of disease progression. Watchful waiting may be an option for patients who are poor candidates for surgery, elderly patients, patients with very small asymptomatic lesions, or when the patient is unwilling to undergo surgical treatment.
In these cases, MRI may be repeated every 6 months or when new symptoms arise. Most petroclival meningiomas are benign lesions. Complete resection is generally the only possible curative treatment, but it is often impossible due to invasion of the cavernous sinus, CNs, vessels, and pia mater. The size, consistency, and biological behavior of the tumor are other factors limiting the extent of resection. The best surgical outcomes are usually achieved with small tumors (up to 3 cm in diameter).
9,24 They may carry the greatest potential for cure, possibly with the least morbidity. 24 Nevertheless, these patients are also the best candidates for radiosurgery.
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Subtotal resection with or without adjuvant therapy is usually performed when there is invasion of the cavernous sinus. Little et al 7 found that subtotal resection in patients with adherent or fibrous tumors significantly reduced the rate of postoperative neurological deficits without a significant increase in the rate of tumor recurrence. Nanda et al 13 , in a series of 50 patients with petroclival meningioma, achieved GTR in 28% of cases, with good functional outcome in 92%; their primary surgical goal was to achieve maximal tumor resection while maintaining or improving function. They suggested that residual or recurrent tumors might be treated with stereotactic radiosurgery (SRS). In the present series, involvement of the cavernous sinus in asymptomatic patients has led to the choice of follow-up and adjuvant treatment with radiosurgery in case of tumor recurrence. Fractionated stereotactic radiotherapy and radiosurgery may be indicated as first-line or adjuvant therapy for skull base meningiomas and are considered to provide good outcomes in terms of tumor control and preservation of A and B) . A combined approach was used (fronto-orbitozygomatic craniotomy with previous petrosectomy), with complete tumor resection and wide reconstruction using fat and a temporalis muscle flap (C). The siphon and petrous segment of the internal carotid artery were skeletonized after resection of the petrous apex in the Mullan's triangle and Kawase's triangle to resect tumor extensions into the pterygopalatine and infratemporal fossae, respectively (D). The patient died due to a postoperative hemispheric venous infarction and pulmonary sepsis 3 weeks after surgery. The pathological study demonstrated anaplastic meningioma. MRI, magnetic resonance imaging.
neurological function. [25] [26] [27] Nicolato et al
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, in a series of posterior fossa meningiomas treated with gamma knife radiosurgery, reported that the only factor to influence the efficacy of radiosurgery to a significant extent was the biological nature of the meningioma (WHO grades 2 and 3). In 1998, Subach et al 28 petroclival meningiomas from 200 patients with benign skull base meningiomas in 5 to 12 years of follow-up; 99 patients received gamma knife radiosurgery after microsurgical resection, and 101 patients underwent upfront SRS. The median tumor volume was 6.5 cm 3 . Five patients needed repeated microsurgical resection following SRS (2.5%). Hence, for particular cases of small sphenopetroclival meningiomas with cavernous sinus symptoms (CN III, IV, or VI paresis), we consider radiosurgery the initial treatment of choice. However, further studies reporting 20-year results or even longer post-radiosurgery observation are necessary. This is important not just for estimating the long-term outcomes of radiosurgical treatment, but also to evaluate surgical outcomes in patients in whom radiosurgery was unable to control tumor growth. Conversely, we believe that surgery should be the primary treatment for petroclival meningiomas in patients with good clinical condition. Besides that, in the presence of neuropathic pain refractory to medical therapy or progressive visual loss due to compression of the optic apparatus, we have performed surgical decompression prior to radiosurgery. The choice of surgical approach is typically based on the location, extent of tumor involvement, and experience of the surgeon. The involvement of venous structures must be taken into account, such as the vein of Labbé, the superior petrosal and transverse sinuses, and the petrosal vein. This is important especially for the petrosal approaches. 20 For tumors extending into the middle fossa, Samii et al proposed the suprameatal approach, 18 which includes drilling of the temporal bone above the internal auditory meatus to reach the middle fossa. However, Chen et al 12 postulated that the exposure of this part of the tumor would be inadequate, because of the small angle for tumor resection, and the risk of postoperative neurological deficits would be more important than achieving GTR with tumor extension into the cavernous sinus. They considered that tumors invading the cavernous sinus could not be removed completely. Almefty et al reported a series of 64 patients and found that complete resection (Grade I or II) of petroclival meningiomas was possible in 76.4% of cases. 15 The authors suggested that, when circumstances prevent complete resection, residual tumors can be managed by watchful waiting until there is evidence of progression, at which time a new intervention could be planned. Regarding approaches, we believe that the suboccipital retrosigmoid approach for tumors without ex- tension into the middle fossa is usually sufficient. With the aid of long microsurgical instruments, ultrasonic aspirators and a surgical microscope with great mobilization capacity for changing the angle of view of the surgical field, the retrosigmoid approach provides satisfactory access to the tumor component, although from a different angle of view compared with petrosal approaches. This does not mean that we consider the petrosal approach an aggressive approach, as did Bricolo et al by considering the retrosigmoid approach, subtemporal approach and their combination "less-aggressive" skull base approaches.
2 However, the latter are becoming more common in the surgical removal of petroclival meningiomas. surgical treatment of petroclival meningiomas. The rate of GTR was 43%. Cases in which a retrosigmoid resection was performed showed no reduction in tumor progression and recurrence rates. They found that the mean length of stay for patients undergoing a less-aggressive approach was 1 week less than that for patients undergoing an aggressive approach (17 vs 23 days). Goel 6 also found no association between the surgical approaches and the extent of resection. ►Table 5 shows the comparative results with major surgical series of petroclival meningiomas.
4,31-48
Tumors with extension into the middle fossa, more precisely extending above the tentorium notch, were approached through an access to the lateral skull base. Once the tentorium is completely transected, petrosal approaches provide a better view of the entire tumor extension in a single procedure in cases of real midline retroclival tumors, with supratentorial and middle fossa invasion.
Although endoscopic endonasal approaches are becoming increasingly applied, they were used in only one case in which the patient had rhinorrhea due to erosion of the sphenoid sinus by a small sphenopetroclival tumor, which was later referred for radiosurgery. The endoscopic approach for petroclival endonasal meningiomas would theoretically have the advantage of dealing with the CNs at a distance from the surgeon, i.e., the rear surface of the tumor. Moreover, except for midclival meningiomas, the lateral location and displacement of both abducens nerves to the same side would likely increase the risk of CN VI palsy. In addition, the deep surgical field and increased risk of CSF fistula are also disadvantages compared with the approaches commonly used for resection of this type of tumor.
Tumor progression or recurrence was observed in three of 14 patients (21.4%) followed for >6 months, and in four (18%) of the total 22 patients included in the study; all of them had undergone subtotal resection. The small number of patients and relatively short follow-up in our series prevented us from performing additional analyses. Nevertheless, none of the patients with GTR had recurrence. 
Conclusions
Resection of petroclival meningiomas remains challenging. Early in the series, petrosal approaches were used primarily, but, over the course of the learning curve, the retrosigmoid approach was considered generally sufficient for most patients, without affecting the degree of tumor resection. In asymptomatic cases extending into the cavernous sinus, follow-up was performed, and radiosurgery in case of tumor growth. The petrosal approaches were reserved for patients with tumor extension into the middle fossa.
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